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INTRODUCTION
Exposure to high-dose, total body irradiation (TBI) in humans results in a dose-dependent, severe, and potentially fatal illness known as the acute radiation syndrome (ARS). ARS is characterized by the hematopoietic (> 1 Gy), gastrointestinal (GI; > 10 Gy), and cerebrovascular syndromes (CVS; > 20 Gy). 1) Following ARS, radiation can also induce delayed effects, including damage to tissues such as the lungs, kidneys, and eyes.
2) The extent of radiation injuries depends upon a variety of factors including total radiation dose, dose rate, delivery as a single or fractionated doses, internal or external exposure, and amount of the body exposure (total or partial body irradiation). 3) Recently there has been a great deal of interest in the discovery of radiation protective agents, i.e. compounds administered before radiation exposure. 4, 5) These radiation countermeasure agents are being developed to protect individuals from a terrorist threat involving radiation sources, or for emergencies such as a nuclear power plant accident. Many research investigations are primarily focused on protection from the acute effects of TBI, with experiments frequently concentrating on survival studies in the 30-day postirradiation period. 6, 7) Little attention has been given to protection against late effects that may develop after survival from the acute radiation syndrome, as is the case when a radiation countermeasure agent has been administered.
Survival from the acute effects of radiation may not provide protection against delayed radiation-induced injuries. Among the most devastating late effects from radiation damage is radiation injury to the lung. Radiation exposure to the lung results in two phases of injury, first pulmonary inflammation (pneumonitis), and second, pulmonary scar-ring and remodeling (fibrosis). Both of these phases of injury are associated with high mortality. [8] [9] [10] [11] Individuals accidentally exposed to [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Gy radiation in the Tokai-mura, Japan radiation accident were successfully treated for acute radiation injuries but succumbed to delayed respiratory failure between 82-210 days postirradiation. 12, 13) A radiation accident victim in Belarus also recovered from acute injuries but died from radiation-induced pneumonitis 130 days following a 10 Gy exposure. 9) In patients treated with TBI for bone marrow transplantation, a high dose rate exposure was found to be an adverse prognostic factor for developing interstitial pneumonitis, 14) and it is believed that any dose of thoracic irradiation, such as used in clinical applications, induces some degree of lung injury. 8, 11) Genistein, a soy isoflavone, is currently being developed as a radiation protective agent in our laboratory. This compound has antioxidant, free radical scavenging, 15, 16) antiinflammatory, 17, 18) and antimicrobial properties, 19) making it an ideal candidate for ameliorating both the acute and late effects of ionizing radiation. It was previously demonstrated that male mice receiving repeated daily oral administration of genistein, 20, 21) or a single subcutaneous (SC) injection of genistein 24 h before exposure, survive an acute dose of gamma radiation that would otherwise be lethal.
22) The improvement in survival was related to accelerated neutrophil and platelet recovery, resulting from earlier and more pronounced multilineage, hematopoietic progenitor cell reconstitution in the marrow compartment. 23) At radioprotective doses, genistein is nontoxic as evidenced by the absence of behavioral toxicity and gross morphological and histopathological analysis. 22) In mice exposed to irradiation, two phases of radiationinduced delayed lung injury have been observed, pneumonitis and pulmonary fibrosis. The rate of onset of each of these phases is dependent upon the area of the body irradiated, the dose of radiation, and the strain of mouse. The C57BL/6 mouse strain is susceptible to both radiation-induced pneumonitis and lung fibrosis. 24, 25) Although few studies have addressed the effects of lung damage following whole body exposure, we selected this method of irradiation since it is of growing concern due to potential nuclear terrorism. 26) Mattos et al. 27) reported that C57BL mice exposed to a sublethal dose (7 Gy 60 Co) TBI resulted in vascular congestion, thickening of the alveolar septa, and collagen deposition detectable within 30 days following irradiation These effects were more pronounced at 90 days postirradiation. Using a lethal dose of TBI (10 Gy, 137 Cs), Van der Meeren et al. (2003) found alveolar edema and alveolar wall thickening 14 days postirradiation in C57BL/6 mice. 28) In this paper, we examined effects of genistein administered to C57BL/6J mice 24 h before TBI irradiation (7.75 Gy, 60 Co). Acute hematopoietic radiation injury was assessed using an endpoint of 30-day survival. Because radiationinduced pulmonary inflammation and subsequent fibrotic remodeling are believed to be related to genotoxicity in the lung, the cytochalasin-blocked micronucleus (CBMN) assay was used to quantify radiation-induced DNA damage. Radiation-induced damage in the lung was also assessed by histology to examine increases in inflammatory cell infiltration consistent with pneumonitis and collagen deposition consistent with fibrotic remodeling. In addition, Western blotting of lung lysates was performed to identify changes in the levels of four proteins shown to have altered expression in either radiation-or bleomycin-induced fibrotic remodeling. These proteins were angiotensin converting enzyme (ACE), 29) cyclooxygenase-2 (COX-2), 30) and transforming growth factor-beta receptor (TGFβR) I and II. 31, 32) Our results demonstrate that genistein reduces acute and delayed radiation-induced injuries as shown by increased 30-day survival, decreased DNA damage in the lung, and decreased collagen deposition in the lung. Genistein also prevented alterations in several other biomarkers of lung injury.
MATERIALS AND METHODS

Animals
Female C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) were used at 12-14 weeks of age (17.5-21.5 g) at the time of irradiation. Female mice were used because of lower aggression tendencies and the extensive evaluation period (180 day) for lung injury. Mice were housed in groups of four in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Animal rooms were maintained at 21 ± 2°C, 50% ± 10% humidity, and 12-h light/dark cycle. Commercial rodent ration (Harlan Teklad Rodent Diet 8604) was freely available. Acidified (pH = 2.5-3.0) water was also freely available to control opportunistic infections. 33) All animal handling procedures were performed in compliance with guidelines from the National Research Council, and were approved by the Institutional Animal Care and Use Committee of the Armed Forces Radiobiology Research Institute (AFRRI, Bethesda, MD, USA).
Isoflavone preparation
Genistein was prepared as previously described. 22) Briefly, genistein (Sigma Chemical Company, St. Louis, MO) was freshly solubilized on the day of the experiment in modified polyethylene glycol, MW 400 (PEG; Sigma Chemical Company (St Louis, MO, USA), and sonicated for 20 sec (Heat Systems-Ultrasonics Inc., Plainview, NY, USA). All drugs were administered SC in the nape of the neck in a volume of 0.1 ml. The day of radiation was considered day 0.
Irradiation
Mice received TBI in a bilateral gamma radiation field at AFRRI's 60 Co facility. The midline tissue dose to the animals was 7-9 Gy at a dose rate of 0.6 Gy/min. Control animals were sham irradiated. The alanine/electron spin resonance (ESR) dosimetry system (American Society for Testing and Materials, Standard E 1607) was used to measure dose rates (to water) in the cores of acrylic mouse phantoms. To simulate a mouse, the phantoms were three inches in length and one inch in diameter. For field mapping, all exposure rack compartments contained phantoms, and alternate phantoms contained alanine dosimeters. The ESR signals were measured using a calibration curve based on the standard calibration dosimeters (National Institute of Standards and Technology (NIST), Gaithersburg, MD, USA). The overall uncertainty in the doses given to the calibration dosimeters at NIST was approximately 1.8% at 2 standard deviations. The accuracy of the calibration curve was verified by parallel measurements of doses to selected dosimeters at AFRRI and the National Physical Laboratory (Middlesex, UK). Corrections were applied to the dose rates in phantoms for the decay of 60 Co and differences in the mass energy-absorption coefficients for water and soft tissue.
Animal Survival Studies
We previously determined that genistein-induced radioprotection was optimal at 200 mg/kg genistein administered SC 24 h prior to TBI. 22) This regimen was used for all experiments. We conducted two acute injury radiation experiments. The first experiment was to determine the LD50/30 for C57BL/6J mice in our radiation facility. Naïve (untreated) mice were randomized and exposed to one of seven radiation doses between 7 Gy and 9 Gy (n = 20/group). Based on the results of the LD50/30 study, two additional experiments were performed to determine the radioprotective effects of genistein on C57BL/6J female mice and the data were pooled. Animals were randomly assigned to one of three groups of (i) no treatment (n = 56), (ii) PEG-400 vehicle (n = 32), and (iii) 200 mg/kg genistein (n = 26). PEG vehicle or genistein were administered SC 24 h prior to TBI. Survival was monitored for 30 days after all mice received a single dose of 7.75 Gy TBI.
In another set of experiments, we determined genistein protection of mice surviving an acutely lethal radiation dose from the development of radiation-induced late effects in the lung. These experiments utilized the ~LD75/30 dose (7.75 Gy) of radiation and evaluated endpoints at 90, 120 or 180 days postirradiation. Experimental groups were: (i) no treatment + sham irradiation (n = 9) (Control), (ii) PEG-400 vehicle + sham irradiation (n = 10) (Vehicle), (iii) genistein + sham irradiation (n = 10) (Genistein), (iv) no treatment + radiation (n = 40) (Radiation), (v) PEG-400 vehicle + radiation (n = 20) (Vehicle + Radiation), and (vi) genistein + radiation (n = 10) (Genistein + Radiation). PEG-400 vehicle (0.1 ml/animal) and the 200 mg/kg genistein groups received a single SC injection 24 h prior to TBI. The body weights of individual mice were recorded routinely through day 36 postirradiation.
Micronucleus assay
The CBMN assay is a standard method for assessing genotoxicity induced by physical and chemical agents, including radiation, in both in vivo and in vitro systems. 34) Radiation-induced DNA damage in lungs was assessed by the cytochalasin-blocked micronucleus, CBMN assay in fibroblasts harvested from lungs 24 h postirradiation as previously described with minor modifications. 34) Lungs (n = 6/group) were aseptically removed en bloc into sterile PBS on ice, mechanically minced in buffered HBSS (Mg +2 -Ca +2 -free Hank's Balanced Salt Solution (HBSS), (Invitrogen, Carlsbad, CA, USA), and digested with dispase (5 mg/ml, Stem Cell Technologies, Vancouver, BC, Canada) and 0.3 mg/ml collagenase type IV (Sigma) in HBSS for 1 h at 37°C on a shaker. Digested tissue was passed through a 10 ml pipette to obtain a cell suspension, which was then centrifuged and resuspended in DMEM/F12 medium (Invitrogen, Carlsbad, CA, USA), 10% FBS (Gemini BioProducts, West Sacramento, CA, USA); cells were incubated for 1 h at 37°C before washing and application of fresh growth medium. After 18 h incubation, cytochalasin B was added (2 μg/ml, Sigma) for 72 h. Cell cultures were fixed for 2 h with acetic acid: methanol (1:3 respectively) fixative. Cells were stained for 5 min at ambient temperature with 250 μg/ml propidum iodide (Sigma) in PBS. Micronuclei were scored positive if they were distinguishable from the main nuclei (about one third of the nuclear size), using an LSM-510 Pascal microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA) with an oil 100× objective. For each treatment we scanned 6 slides (n = 6) from 4 independent experiments and on each slide 120 fields were counted for total amount of binuclear cells with or without micronuclei.
Western blots and lung lysates
Reagents for Western blotting were from BioRad (Hercules, CA, USA). Primary antibodies for TGFβRI (Alk5, sc-9048), TGFβRII (sc-7791), COX-2 (sc-7951), ACE (sc-2079), and tubulin (sc-8035) were from Santa Cruz Biotechnology, Inc (Santa Cruz, CA, USA); mouse antiactin (A5316) was from Sigma (St. Louis, MO, USA). Secondary HRP-linked antibodies were acquired from Amersham Biosciences (Piscataway, NJ, USA). At endpoints, animals were euthanized by injection with a lethal dose of pentobarbitol. Lungs were removed en bloc, flash frozen in liquid nitrogen, and stored at -70°C. Lungs were homogenized in RIPA buffer with protease and phosphatase inhibitors (Tris base 50 mM, NP-40 1%, sodium deoxycholate 1%, NaCl 150 mM, EDTA 2.5 mM, and NaF 50 mM, sodium vanadate 100 mM, aprotinin 10 μg/ml, leupeptin 10 μg/ml, and phenylmethylsulfonyl fluoride 1 mM); lysates were sonicated on ice twice for 30 seconds. Lung lysates were used in SDS-PAGE and electroblotted onto either nitrocellulose membrane (BioRad), or PVDF membrane (Invitrogen, Carlsbad, CA, USA). Blots were blocked in 5% non-fat milk in TTBS (154 mM NaCl, 20 mM Tris HCl, 0.05% Tween 20) for 1 h and incubated overnight with 1:500 dilution of primary antibody in TTBS/0.5% non-fat milk, 4°C. Blots were washed three times in TTBS for 10 min. Secondary antibodies were diluted 1:1000 in TTBS for 1 h and were washed two hours. ECL (Amersham, Piscataway, NJ, USA) was applied according to the manufacturer's instructions before film exposure. For normalization, blots were stripped and reprobed with either tubulin or actin. Blots were stripped (Tris-HCl 62.5 mM, 2% SDS, 0.8% β-mercaptoethanol) for 10 min at 40°C and then washed with TTBS and reblocked for 1 h at room temperature before probing. Densitometry was done using the IR LAS-1000 Pro v2.7 and Image Gauge v4.01 software for the Macintosh, accompanying the FujiFilm LAS-1000 / Intelligent Dark Box II hardware used for imaging the Western blots. Experiments were repeated three times using at least 3 animals per group.
Lung fixation and staining
To obtain lungs for histochemical staining, animals were euthanized by intraperitoneal injection of sodium pentobarbital. After dissection, the heart was perfused through the right ventricle with 10 ml of phosphate buffered saline (PBS) to remove blood cells. Following perfusion, the trachea was canulated and the heart-lung block was then removed and fixed for 15 min at RT by infusing 4% paraformadehyde (PFA)/PBS using 20 cm gravity pressure. Lungs were immersed in PFA/PBS for an additional 2 h at 4°C. Lungs were washed twice with sterile PBS for 30 min each, before embedding in paraffin. Lung tissue was embedded in paraffin and then cut into 6 microns sections and stained routinely with hematoxylin and eosin stain or Masson's trichrome stain.
Statistical analysis
Statistical analysis for determination of the LD50/30 was determined by probit analysis. The Fisher's exact test was used for analysing the 30-day survival data. For Western blot and micronuclei data analysis, statistics were performed using one-way ANOVA using the Student-Newman-Keuls Method of pairwise multiple comparisons. Statistical significance was determined at p ≤ 0.05.
RESULTS
Survival Studies: Determination of LD 50/30 and the effects of genistein on protection from acute radiation injury
In the first experiment, untreated female mice were exposed to one of seven doses of 60 Co radiation. The effects of radiation doses on 30-day survival for female C57BL/6J mice are illustrated in Fig. 1A . The LD50/30 with 95% confidence intervals was 7.52 Gy (7.44, 7.59). Previous results from our laboratory showed that a single SC injection of genistein, 24 h prior to radiation exposure, protected male CD2F1 mice from acute radiation injury. 22, 23) The optimal dosage for protection was 200 mg/kg body weight. 22) Female C57BL/6J mice, receiving a single SC dose of genistein (200 mg/kg) administered 24 h before 7.75 Gy had a survival rate of 92% (p < 0.001), compared to 53% for vehicle (p < 0.006), and 23% for non-treated irradiated mice (Fig. 1B) . Survival of genistein treated mice was significantly (p < 0.002) greater than vehicle treated animals. All mice that survived through day 30 also survived through day 120 with the exception of one mouse in the genistein + radiation group that died on day 64 postirradiation. 
Effects of genistein on radiation-induced weight loss
The body weights of individual mice were recorded through day 36 and are expressed as a change in weight from baseline (2 days before irradiation) for all surviving mice. There was a significant reduction in body weight for all irradiated groups. Genistein mitigated radiation-induced weight loss between days 13-27 postirradiation (Fig. 2) . The maximal effect of genistein on weight loss was observed on days 18-23 postirradiation. On the day of maximal weight loss, day 20 postirradiation, average weight loss for irradiated mice was 4.1 g, while mice pretreated with genistein lost on average only 1.6 g (p < 0.05). Mice treated with the vehicle lost an average of 3.0 g. These results demonstrate that genistein protected female C57BL/6J mice against acute radiation-induced mortality and associated weight loss.
Genistein pretreatment reduces radiation-induced micronuclei in pulmonary fibroblasts
The CBMN assay was used to determine induction of Fig. 2 . Effect of genistein on radiation-induced weight loss after exposure to 7.75 Gy 60 Co. Mice were either sham-irradiated or irradiated with 7.75 Gy 60 Co and received no-treatment (control), PEG-400 vehicle, or genistein (200 mg/kg, sc, 24 h before irradiation). Animals were individually marked and weighed daily for the first week, and 5 times weekly through 36 days. The changes in sampling rates are indicated by double breaks on the X-axis. Data show the mean +/-SEM change in body weight from baseline levels in surviving animals. Control (no treatment) (n = 9), Vehicle (n = 10), Genistein (n = 10), Radiation alone, (n = 8), Vehicle + Radiation (n = 10), Genistein + Radiation (n = 9). * p < 0.05 compared to radiation group; ‡ p < 0.05 compared to vehicle + radiation group. Fig. 3 . Genistein treatment reduces radiation-induced micronuclei in lung fibroblasts. C57BL/6J mice were either sham-irradiated or irradiated with 7.75 Gy 60 Co and received no-treatment (control), PEG-400 vehicle, or genistein (200 mg/kg, sc, 24 h before irradiation). 24 h following irradiation, lung fibroblasts were cultured and used for CBMN assays to evaluate radiation-induced genotoxicity. A). A typical micronucleus-containing binuclear cell.
Arrow indicates the micronucleus (100× magnification). B). The number of binuclear cells were counted and the percentage of binuclear cells per total cells was determined for each experiment. C).
Percentage of micronuclei-containing binuclear cells/per total binuclear cells was calculated for each experiment. Sham irradiation groups: Control (no treatment), Vehicle, and Genistein. Irradiated groups: Radiation (7.75 Gy 60 Co alone), Vehicle + Radiation, and Genistein + Radiation. Data show means +/-standard deviation. (n = 6 from 3 independent experiments). * p < 0.05 compared to untreated control; ‡ p < 0.05 compared to radiation alone. DNA damage in pulmonary fibroblasts isolated after acute radiation exposure, and to assess whether genistein could mitigate DNA damage. Figure 3A shows a binucleated cell with a radiation-induced micronucleus in a pulmonary fibroblast following ex vivo culture. The micronucleus is less than one-third the size of a complete nucleus and has similar staining properties. We compared the number of binucleated cells cultured ex vivo from sham irradiated or 7.75 Gy irradiated mice, with and without pretreatments. The number of binucleated cells was between 10-16% of the total cells in all six treatment groups, with no significant difference between the groups (Fig. 3B) . Isolated pulmonary fibroblasts from non-treated irradiated mice had an approximately eight-fold increase in the frequency of micronuclei, relative to controls (0.4 ± 0.17 radiation; 0.05 ± 0.02 control, p < 0.05) (Fig. 3C) . Fibroblasts from mice pretreated with genistein exhibited a significant decrease in the number of micronuclei (0.17 ± 0.12, p < 0.05) compared to control irradiated mice, although this number was still significantly higher than non-irradiated control mice. No significant reduction of radiation-induced micronuclei was observed in mice pretreated with vehicle. There was no significant change in micronuclei in nonirradiated mice injected with genistein or vehicle. Therefore, genistein administered 24 h before irradiation protects the lungs of mice from radiation-induced genotoxicity.
Assessment of fibrosis-associated protein alterations at 90 days and effects of genistein
To determine whether pretreatment with genistein reduced pneumonitis or other structural alterations, we examined histochemical staining of the lungs starting at 90 days postirradiation. Hematoxylin and eosin staining of the lung tissue from day 90 postirradiation in any experimental group failed to show significant increases in lymphocyte infiltration, which would be consistent with development of pneumonitis. However, Masson's trichrome stained lung tissue from the lungs of untreated irradiated mice at 90 days postirradiation revealed small collagen-rich foci, populated with fibroblasts (Fig. 4A) . Examination of lung tissue from irradiated animals pretreated with vehicle at 90 days showed that 50% of the animals also had collagen-rich foci. In contrast, no collagen-rich foci were identified in control non-irradiated animals or in irradiated mice that were pretreated with genistein at 90 days postirradiation (data not shown). The foci were localized just beneath the surface or pleura of the lung. However, neither diffuse alveolar septal thickening due to fibrosis nor other major histological abnormalities were noted, as would be expected in cases of advanced radiationinduced fibrosis.
We next examined the expression of several proteins which have been shown by others to be associated with pulmonary damage and/or fibrotic remodeling in either radiation-or bleomycin-induced lung injury: angiotensin converting enzyme (ACE), 29) cyclooxygenase-2 (COX-2), 30) and transforming growth factor β receptor I (TGFβR-I, Alk5), 31, 32) and TGFβR-II. 31, 32) Total cell lysates, harvested from lungs 90 days postirradiation, were analyzed by Western blotting (Fig. 4B) . Protein levels were normalized by blotting for β-actin or tubulin. At day 90 postirradiation, no significant changes were observed in ACE expression, however, TGFβR-I, TGFβR-II and COX-2 expression levels were significantly reduced by radiation treatment alone (p < 0.05). In mice receiving genistein and irradiation, the expression of TGFβR-I in the lung was not significantly different from that of untreated control lungs. However, genistein did not prevent the radiation-induced alterations in TGFβR-II or COX-2 levels, indicating that genistein was not protective against these changes. Together these findings suggest that genistein can protect from some radiationinduced alterations in the lung, as detected at 90 days.
TBI 7.75 Gy does not induce observable injury to the lung at 120-180 days
Because we observed the presence of small foci and expression alterations in injury-or remodeling-associated proteins in the lungs of mice at 90 days postirradiation, we anticipated an increase in severity of the alterations at later time points, in both lung histochemistry and protein expression. However, histological examination of lungs at 120 and 180 days postirradiation did not reveal any collagen-rich foci or other gross abnormalities in all treatment goups (data not shown). H&E staining of the lungs also showed normal levels of lymphocytes in the lungs of all experimental groups at the 120-180 time points postirradiation, indicating the absence of pneumonitis at these time points. When lung protein expression levels were assayed at 120 days postirradiation, no significant changes in ACE, COX-2 or TGFβR-I protein levels were observed between the different treatment groups (Fig. 5A) . However, TGFβR-II expression level remained significantly reduced in irradiated mice, with the exception of genistein pretreated, irradiated mice where TGFβR-II levels recovered to above control levels (Fig. 5A) . At day 180 postirradiation, the levels of expression of all the measured proteins were similar to control levels (Fig. 5B) .
DISCUSSION
Radiation exposure can generate a cascade of molecular and cellular events in a variety of cell types in the lungs that lead to the activation of pro-inflammatory and pro-fibrotic processes. The level of damage to the lung has been shown to be dependent on total radiation dose, whether the dose was delivered in single or multiple fractions, the locality and amount of irradiated tissue, and whether the dose was received externally or internally (radionuclides).
3) Here, we investigated the ability of genistein to protect against acute radiation injury and delayed radiation-induced damage to the lung in a total body irradiation model. The results of this study show that genistein, given as a single SC injection of 200 mg/kg body weight 24 h before irradiation, significantly reduced acute radiation-induced mortality and radiationinduced weight loss in C57BL/6J female mice. This demonstrates that the radioprotection by genistein against ARS previously observed with CD2F1 male mice is neither strain-nor gender-dependent. 22 ,23) Although we did not observe classic radiation-induced pneumonitis or fibrosis in our TBI model, we did observe some injuries in the lung including DNA damage and transient alterations in protein expression. Our investigation of genistein protection against lung injury shows that genistein reduced radiation-induced DNA damage. The genotoxicity protection correlated with genistein protection against radiation-induced collagen deposition and some other alterations in protein expression in the lung.
The CBMN assay revealed that mice receiving TBI developed micronuclei in pulmonary fibroblasts, and that genistein reduced this radiation-induced DNA damage. The micronucleus index is a standard test used in genetic toxicology to assess chromosome damage. 35) This assay is the preferred method for measuring micronuclei in cultured mammalian cells because scoring is restricted to oncedivided cells, eliminating cell division kinetics which can influence micronuclei frequency. We observed an eight-fold increase in the incidence of micronuclei in ex vivo pulmonary fibroblast cultures from mice exposed to 7.75 Gy TBI, indicating the presence of radiation-induced DNA damage. Khan et al. (2003) 36) reported a higher incidence of micronuclei in primary ex vivo fibroblast cultures obtained from rats 16-18 h after partial volume lung irradiation with 10 Gy 60 Co compared to fibroblasts from unirradiated lungs. The relationship between radiation-induced micronuclei and lung fibrosis, however, is not clear. Our studies showed that fibroblasts from mice treated with genistein prior to irradiation had decreased micronuclei frequency, demonstrating genistein protection against radiation-induced genotoxicity in pulmonary fibroblasts.
Histological analyses of the lung tissue from irradiated and control animals at 90, 120, and 180 days did not identify pneumonitis or classic fibrotic remodeling following 7.75 Gy ( 60 Co, 0.6 Gy/min) whole body irradiation. It is possible that pneumonitis occurred at earlier time points that were not examined in our experiments. Van der Meeren et al. (2003) examined the lung from days 10-18 following 10 Gy total body irradiation and found increased expression of genes involved in pro-inflammatory and thrombotic processes. 28) Mattos et al. (2002) reported that C57BL mice exposure to 7 Gy TBI ( 60 Co, 0.97 Gy/min) resulted in significant collagen deposition with vascular congestion and alveolar septal thickening deposition within 30 days, and significant collagen deposition after 90 days. 27, 37) Although we were unable to observe classic histochemical evidence of pneumonitis or fibrosis, we did identify small, focal collagen-rich deposits or plaques in the lungs at 90 days postirradiation in animals receiving vehicle or no treatment. These lesions were not present in irradiated mice pretreated with genistein. The differences observed in our study may be the result of our lower radiation dose rate, differences in the genetic background of the mice obtained from the different suppliers, or differences in collagen detection methodologies. 38) In addition to examination of lung histology, we selected four proteins as biomarkers for pulmonary injury (TGFβRI, TGFβRII, COX-2 and ACE). Three of these (TGFβRI, RII and COX-2) have previously been identified as markers for lung injury in the bleomycin model system. Bleomycin, a chemotherapeutic agent, induces DNA damage as well as oxidative stress, similar mechanisms as radiation. The time course of injury, however, is compressed to 30-60 days, compared with 120-180 days for radiation injuries. Our study showed radiation-induced reductions in TGFβRI, RII and COX-2 but not in ACE. Studies by others suggest that ACE is biphasically regulated in radiation-damaged lung tissue, where initial loss is attributed to the loss of pulmonary endothelial cells and delayed increase is due to fibrotic remodeling. 39, 40) It is possible that ACE expression was modified prior to our first time point at 90 days postirradiation. COX-2 levels have been demonstrated to be decreased in lung cells from patients with idiopathic pulmonary fibrosis. 41 ) Prostaglandin E2, a downstream product of COX-2, inhibits fibroblast proliferation and transdifferentiation to the myofibroblast phenotype, suggesting that reduction of COX-2 may be associated with progression of fibrosis. 42) TGFβRs have also been reported to have altered expression following lung injury induced by bleomycin. 31, 32) Khalil et al. used in situ immunohistochemistry to identify a transient decrease of TGFβRI expression on alveolar epithelial cells in the early stages following bleomycin-induced injury in rats (day 4-7), believed to correlate with proliferation of these cells in the early repair process. 31) This group found no alterations in TGFβRII. However, Zhao et al., examining overall expression patterns of the receptors, reported increased TGFβRI expression rat lungs following bleomycin treatment for the full time course of their experiments (day 3-12). 32) Zhao and coworkers also reported a transient decrease TGFβRII expression during the early reparative stage. We observed a significant transient reduction in TGFβRII expression at 90 days, similar to that previously reported by Zhao. 32) We also found a transient reduction in TGFβRI (Alk5 isoform), but this is the opposite of findings in the bleomycin model, where this receptor was reported to have transient increased expression. 32) At 90 days postirradiation we found that genistein prevented radiation-induced reduction in the level of TGFβRI expression, but not that of TGFβRII. However, by 180 days postirradiation, all protein expression levels had recovered to control values. Future studies will examine the regulation of TGFβRs in relation to TGF ligands β1, β2 and β3, which are also expressed in lung injury and fibrosis.
In our studies, mice administered the PEG-400 excipient also exhibited an enhancement in 30-day survival (53%) in comparison to the non-treated irradiated mice (23%) animals. The radioprotective properties observed for PEG-400 have previously been demonstrated 22, 43) and are similar to the protective effects of other excipients such as Emulphor, 44) dimethyl sulfoxide, 45) and the polyethoxylated castor oil vehicle Cremophor. 46) The modest radioprotective activity of these excipients is believed to be mediated through modulation of the immune system. Our laboratory has shown that in vivo genistein prevents acute injuries from radiation. 22, 47) However, a number of studies have demonstrated in vivo and in vitro that genistein may act as a radiosensitizing agent. Genistein increases radiation-induced apoptosis in several cancer cell lines, including human prostate carcinoma cells, leukemic cells, and cervical cancer cells. [48] [49] [50] In orthotopic prostate tumor transplants in mice, genistein combined with radiation treatment had greater inhibitory effects on prostate tumor growth than radiation alone.
51) The differential effect of genistein on cancer cells compared with normal cells may be related to the arrest of cancer cells in the G2/M phases of the cell cycle. [52] [53] [54] The G2/M arrest of cancer cells by genistein has been the topic of a number of studies that have identified both the inactivation of nuclear factor-kappa B and the stable activation of ERK1/2 mitogen activated protein kinases as potential mechanisms. [52] [53] [54] Unlike the G1/G0 and S phases of the cell cycle which have active DNA repair mechanisms, the G2/M phase of the cell is not associated with DNA repair activity.
55) The activity of genistein in sensitizing cells to DNA damaging agents has been shown in cell culture studies to be selective toward cancer cells and not toward normal cells.
56) The mechanism(s) by which genistein selectively causes radiosensitization versus radioprotection has not been elicidated.
The relative sensitivity of the lung to radiation-induced damage is hypothesized to be due to the lung's high oxygen content compared with other organs. While primary radiation injury results in direct damage to cells, secondary effects can arise from the ionization of oxygen, which can form radicals that initiate and propagate chain reactions. 57, 58) Pneumonitis and pulmonary fibrosis in both humans and animal models are dependent upon the total radiation dose, fraction size, and volume of lung exposure. 8, 59, 60) Although anti-inflammatory treatments (steroidal and non-steroidal) are effective in treating inflammation associated with early radiation-induced pneumonitis, they do not prevent the subsequent fibrosis. 61, 62) Using TBI in C57BL/6J mice, our results indicate that genistein protects against acute radiation-induced mortality, radiation-induced DNA damage in lung fibroblasts, and some transient radiation-induced alterations in protein expression in the lung. Genistein has a variety of biological properties that may reduce lung injury. These include its anti-inflammatory properties, 17, 18) antioxidant capacity, 15, 16) and effects on the cell cycle. 52, 63) Further experiments are required to establish the mechanism(s) responsible for the radioprotective effects of genistein. Additional studies using high dose thoracic radiation will determine whether administration of genistein can prevent radiation-induced pneumonitis and/or fibrotic remodeling in the lung.
